Abstract-A series of microstrips with patterned Ni 78 Fe 22 ferromagnetic cores have been investigated for RF applications. The devices have been integrated onto a silicon substrate by using a fully IC-compatible process. The Ni 78 Fe 22 films were deposited by electroplating onto Si at room temperature and were structured into rectangular prisms with large aspect ratios, i.e., 10 : 1 and 40 : 1. Measurements have been performed using a network analyzer. Voltage attenuation of 19 dB/cm has been obtained at 3.9 GHz on a 2-mm-long strip line. The propagating wavelength is reduced by 60% compared to a control device without ferromagnetic core.
I. INTRODUCTION

I
NTEGRATION of microstrip devices with ferromagnetic materials has recently attracted considerable attention for radio frequency (RF) applications, e.g., stopband filters and quarter wavelength strip lines. The stopband filter relies on energy absorption by ferromagnetic resonance (FMR) and its center stopband frequency is determined by FMR frequency. For the quarter wavelength strip line, the size of the device can be reduced considerably due to the large wavelength shortening caused by ferromagnetic (FM) films. In both cases, the use of magnetic materials with high permeability at high operating frequencies is essential for satisfactory performance. In [1] - [3] , single crystalline Fe films have been grown on a GaAs substrate using molecular beam epitaxy (MBE). High attenuation of 50 dB/cm has been reported on a notch filter [4] . However, MBE growth is incompatible with the standard Si integrated circuit (IC) technologies. Few works have addressed other ferromagnetic materials [5] , [6] . Permalloy (NiFe), on the other hand, has an overall advantage, because it has been intensively studied and is widely used in industry [7] - [9] . However, the low saturation magnetization ( 1 Tesla) and the low FMR frequency ( 0.1 GHz) limit its RF applications.
In this letter, a series of microstrip devices with electroplated permalloy Ni Fe films on a silicon substrate are investigated. We present a method to utilize plated permalloy Ni Fe films at frequencies above 1 GHz by means of micro-patterning. The films are then used to realize microstrips on silicon substrates with a short wavelength, high attenuation, and high center stopband frequency.
II. EXPERIMENT
Microstrip transmission lines with 0.5-m-thick Ni Fe core have been integrated on a silicon wafer using a fully IC compatible process. A schematic drawing of the device is shown in Fig. 1 . The Ni Fe films were electroplated under a dc magnetic field 64 kA/m applied along the easy axis at room temperature. The prism-like patterns of the Ni Fe films were defined in photoresist by conventional lithography and were formed by through-resist-plating. Three types of samples are presented in this work, with their detailed structural parameters listed in Table I . The aspect ratio of the ferromagnetic prism is 10 : 1 for sample #A, and 40 : 1 for each of the four prisms of #B. Sample #Ref is a controlled device with the same geometrical parameters as samples #A and #B, but using a 0.5-m-thick dielectric SiO film instead of the Ni Fe film.
The magnetic properties of the Ni Fe films were characterized by means of magneto-optical Kerr effect (MOKE) and vibrating sample magnetometry (VSM) measurements. The magnetocrystalline anisotropy H of the Ni Fe films is about 0.6 mT, where is the permeability of vacuum. Characterizations of the devices were performed on a HP-8510 network analyzer, using a ground-signal-ground (G-S-G) two-port configuration.
III. RESULTS AND DISCUSSION
Attenuation constant measured on samples #A, #B with 0.5 m Ni Fe film, and on the control sample #Ref without ferromagnetic core, is shown in Fig. 2 . Since there is no attenuation peak observed on #Ref up to 11 GHz, the attenuation peaks observed on both #A and #B are due to the presence of ferromagnetic resonance of the Ni Fe film. Despite the different patterning of the FM films, an equal attenuation of about 19 dB/cm (in voltage) has been obtained for both #A and #B. The center stopband frequency reaches 2.8 GHz for #A and 3.9 GHz for #B. The observed high stopband frequencies are a result of the high aspect ratios, and, hence, the large shape anisotropy of the patterned Ni Fe films. In general, the resonance frequency of a saturated FM film is given by [10] (
where , , , and is the gyromagnetic constant (176 GHz/T), and , , and denote, respectively, the applied dc field, magnetocrystalline anisotropy field, and the saturation magnetization. The demagnetizing factors , , and are determined by the shape of the FM patterns. For rectangular prisms, , , and are expressed as sums of a series of tangent functions [11] , where their mean values are obtained by averaging over the whole FM film [12] . The FMR frequencies are calculated as a function of the aspect ratio / , and the results are displayed in the inset of Fig. 2 using a saturation magnetization and a damping factor of the Ni Fe film 1.04 Tesla and 0.05, respectively. It turns out that a higher shape aspect ration leads to a higher FMR frequency. The frequency shift between the two solid circles (the same aspect ratios as the experiment, 10 : 1 and 40 : 1, respectively) is in a good agreement with the experimental results.
The influence of ferromagnetic film on the lumped circuit parameters is plotted in Fig. 3 . The equivalent circuit of a microstrip is shown in the inset. Inductance and capacitance per unit length are extracted from the measured scattering parameters. The variation of the permeability (complex) in the vicinity of FMR causes a significant drop of inductance , while nearly no changes on capacitance are observed.
In Fig. 4 , it is demonstrated that the propagation wavelength of #A is shortened for frequencies up to 2.8 GHz (
in Fig. 4 ) as compared to #Ref. At 1 GHz, the wavelength of #A is reduced by 60% to about 4.4 cm. By increasing the aspect ratio of FM prisms to 40 : 1, i.e., #B, the shortening of the wavelength continues up to 3.4 GHz ( in Fig. 4 ) due to the higher FMR frequency. However, below FMR, a higher aspect ratio implies a lower effective permeability , which results in a smaller wavelength reduction, as shown in Fig. 4 (#B) . Above frequencies 2.9 and 3.4 GHz, the propagation wavelengths in #A and #B become longer than that in #Ref., respectively, due to the large variation of the effective permeability in the vicinity of the FMR frequency. Consequently, large wavelength reduction at high frequency relies on the FM materials with high FMR frequency that can be achieved by means of the micro-patterning of FM film (see Fig. 2 ).
Potential applications of using NiFe ferromagnetic microstrip devices are the band-stop filter and quarter wavelength microstrip lines. The stopband frequency is related to materials properties, e.g., ferromagnetic resonance frequency, and is fairly independent of the propagating wavelengths. This fact facilitates the miniaturization of devices. Furthermore, due to the dependence of the FMR frequency on the applied external dc magnetic field [see (1)], FM films can be utilized to design tunable stopband filters by varying the center stopband frequency. On the other hand, the length of the "so-called" quarter-wavelength microstrip lines is designed to be equal to one quarter of the propagation wavelength at a desired frequency. Therefore, applying ferromagnetic films, which consequently leads to a shorter propagation wavelength (see Fig. 4 ), offers further possibilities to minimize the on-chip design of quarter-wavelength microstrip lines.
IV. CONCLUSION
Microstrips with eletroplated NiFe films has been integrated on silicon substrate using a fully IC-compatible process. High attenuation of about 19 dB/cm and large wavelength reduction of about 60% have been obtained for a 2-mm-long strip device. By micropatterning of the NiFe films into large aspect ratio prisms, center bandstop frequency rises up to 3.9 GHz.
